Identification and localization of calcium channel α1 and β subunit isoforms in the kidney  by Yu, Alan S.L.
Kidney International, Vol. 48 (1995), pp. 1097—1101
CALCIUM CHANNELS
Identification and localization of calcium channel a1 and f3
subunit isoforms in the kidney
ALAN S.L. Yu
Renal Division, Laboratoiy of Molecular Physiology and Biophysics, Department of Medicine, Brigham & Women Hospital and Harvard Medical
Schoo4 Boston, Massachusetts
The distal nephron of the kidney plays a key role in the
regulation of renal calcium excretion. Although calcium filtered at
the glomerulus is reabsorbed along the whole length of the
nephron, active, and by inference transcellular, transport has been
demonstrated primarily in the micropuncture distal tubule [1, 2],
and more specifically the distal convoluted tubule (DCT) [3] and
connecting tubule (CNT) [4]. Active transport has also been
observed under certain conditions in the cortical thick ascending
limb (CTAL) [4, 5], although this is controversial [6]. Further-
more, the action of parathyroid hormone (PTH) to enhance
calcium reabsorption in the CNT [3] and CTAL [5] is responsible
for its hypocalciuric effect, The mechanism and regulation of
calcium reabsorption at the cellular level have recently been
reviewed [7]. Figure 1 illustrates a model of transcellular calcium
transport in a distal tubule epithelial cell, based on current
knowledge. Cytosolic calcium is actively extruded at the basolat-
eral membrane by a calcium pump or sodium-calcium exchanger
[8, 9]. Until recently, however, little was known about how calcium
entered these cells at the apical surface, except that it must pass
down a steep concentration gradient, from millimolar concentra-
tions in the tubular fluid [1] to submicromolar concentrations
within the cytosol [10], and also down a transmembrane electrical
gradient of between —35 mV and —87 mV [11, 12], suggesting a
passive transport mechanism.
Identification of epithelial calcium channels in distal tubule
Real time measurements of intracellular calcium levels with the
fluorescent indicator dye, fura-2, have demonstrated the activa-
tion of calcium entry by PTH in rabbit CNT [10] and mouse mixed
CTAL and DCT cells [13]. In the latter study, calcium entry was
highly sensitive to 1,4-dihydropyridines (DHP), indicating the
involvement of calcium-selective channels. Preliminary electro-
physiological characterization of these channels by patch clamp
analysis in rabbit DCT cells [14], rabbit CNT [15], and a mouse
cell line of DCT origin [16] have confirmed the presence of
DHP-sensitive calcium channels that are all inactivated by depo-
larization from resting membrane potential. Activation of the
channels by PTH [14] or by an analogue of one of its putative
intracellular second messengers, cyclic adenosine monophosphate
[15], has also been shown. However, the single channel conduc-
tance in each study differed substantially, suggesting that different
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channels were observed in each case. This could reflect differences
in the particular species, nephron segment, and preparation
(whole dissected tubules, primary cultured cells, or immortalized
cell line) studied. Although it seems likely that these channels play
a role in transepithelial calcium reabsorption, this has yet to be
proven.
Classification and properties of calcium channels
Calcium channels can be crudely classified on the basis of the
primary mechanism for activating channel openings into voltage-
dependent, receptor-operated, second messenger-operated, and
background channels. The renal calcium channels that have been
reported all appear to be selective for divalent cations and
sensitive to DHP, and therefore most resemble voltage-dependent
and background channels. Voltage-dependent calcium channels
have been the most extensively studied, and share the common
property of activation by membrane depolarization. They can be
subclassified on the basis of their electrophysiological and phar-
macological properties into L, N, T, and P channels (Table 1).
However, it is clear that the properties of any one class of channel
can differ in different tissues, and that many channels share
overlapping properties of more than one class, suggesting a much
greater diversity of channels [17]. High affinity DHP binding and
sensitivity are characteristic of L-type voltage-dependent calcium
channels. These are classically described as having a large single
channel conductance, usually about 25 pS with —100 mivi barium
as the charge carrier, a relatively positive voltage threshold for
activation, and slow inactivation kinetics [18 —20]. They are also
specifically inhibited by the phenylalkylamine and benzothiaz-
epine class of calcium channel antagonists.
Molecular structure of voltage-dependent calcium channels
Calcium channels are multi-subunit proteins. This has been best
characterized for the L-type voltage-dependent channel of skele-
tal muscle, that consists of five different subunits, designated a
(165 to 170 kD), a2 (135 to 150 kD), p(—50 kD), y (—30 kD), and
(24 to 30 kD) [21]. The receptor site for DHPs [22—24] and for
phenylalkylamines [24, 25], as determined by photoaffinity label-
ing studies, is on the a1 subunit, suggesting that it might form the
ion pore. Recent studies of the o-conotoxin-sensitive N-type
channel suggest a similar, though distinct, subunit structure [26,
27].
Molecular cloning of voltage-dependent calcium channel a1
subunit complementary DNAs revealed that they are encoded by
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a family of homologous genes (Table 1), of which six have been
reported to date. All of them share a high degree of amino acid
identity and their predicted secondary structures are highly con-
served and strikingly similar to those of other voltage-dependent
cation channels [28]. Sodium and calcium channel a1 subunits all
have four internally repeated hydrophobic motifs (I-IV), each
consisting of six potential transmembrane segments (SI to 6).
Potassium channels have only one such motif, but probably
associate to form a tetramer [291. In addition, the cDNAs
encoding the a2- (which are encoded by a single gene and
polypeptide) [30], 13 [311, and y [321 subunits of skeletal muscle
have also been isolated and sequenced.
Functional expression of a1 subunits, whether alone or in
combination with one or more of the other subunits, yield calcium
channels, thus confirming that a1 subunits form the ion pore. They
all share the property of activation by membrane depolarization,
but otherwise differ in their electrophysiological and pharmaco-
logical characteristics [33—381. Attempts have been made to
classify a1 subunit isoforms according to the channel subtype
profile (L, T, N, or P) that they most closely resemble (Table 1).
However, the final properties of the channel protein expressed are
highly dependent on the accessory subunits that are co-expressed.
For instance, depending on the expression system used, 13 subunits
have variously been reported to increase surface expression of
functional a1 subunits [39, 40], probably by helping a1 to fold into
its correct conformation [41], as well as increase the peak current
Fig. 1. Model of a distal convoluted or
connecting tubule epithelial cell, depicting possible
mechanisms involved in calcium reabsoiption.
amplitude [42], accelerate activation [39, 40, 42] or decay of
current [421, alter the voltage threshold for activation [42], confer
sensitivity to cAMP regulation [43], and even abolish sensitivity to
a ligand such as Bay K8644 [40].
eDNA cloning of renal calcium channel a1 subunits
To further understand the nature of the apical calcium channel
of distal tubule, we undertook to isolate the gene encoding its
pore-forming ("a1 ") subunit by cDNA cloning, using a homology-
based approach. As the distal tubule calcium channel appeared to
be divalent cation-selective, and DHP-sensitive, we hypothesized
that it might be homologous to a1, aic, and aID (which also
encode pore-forming subunits of DHP-sensitive channels) and, by
inference, to other members of the calcium channel a1 subunit
gene family. Based on this, a homology-based PCR strategy was
devised to isolate calcium channel a1 subunit transcripts ex-
pressed in rat kidney [44]. Non-degenerate oligonucleotide prim-
ers, each consisting of a single, "optimal" nucleotide sequence
based on a best guess of the likely target sequence [45], were
designed using regions of highly conserved nucleotide sequence
between the known isoforms, and taking into account preferred
codon usage patterns [46], To allow for some mismatch to the
cognate target, annealing was performed under lowered strin-
gency conditions, The products amplified by PCR were size-
fractionated by gel electrophoresis, subcloned, and sequenced. A
corollary of the homology-based approach is that simultaneous
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Table 1. Classification of voltage-dependent calcium channel a1 subunit genes, and prototypic electrical and pharmacological properties of
channel subtypes
B ESnutch class" S C D A
Perez-Reyes class1' CaChi CaCh2 CaCh3 CaCh4 CaCh5 CaCh6
Mon classt — — — BI Bill BIl
Tissue distribution Skeletal muscle Cardiac Neuroendocrine Brain Brain Brain
Putative channel subtypeC L P N T
Single channel conductance High Medium Medium Low
Voltage activation threshold High Variable High Low
Decay rate Slow Slow Moderate Rapid
Specific antagonist Dihydropynidines w-agatoxin IVA w-conotoxin GVIA None
a In the most widely accepted nomenclature (56), a1 isoforms that are found in brain are designated A-E, and the skeletal muscle isoform, S.
1' Alternative nomenclature also in use (57, 58).
C Based on preliminary studies of properties of channel expressed from a1 subunit, disregarding the potential influence of alternative splicing and
post-translational processing of a1, and of co-expression of different f3 and other accessory subunits on channel properties.
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Table 2. Distribution of calcium channel a and /3 subunit mRNA
within rat kidney
Macroscopic distribution Nephron segment"
ais TM only NDa
Oi
IM>OM>COM>CIM ND?h
alA C only DT
f32 C=OM=IM GLOM,OMCD
/33 TM > OM > C GLUM, MTAL, CTAL,
CCD, OMCD, IMCD
/34 C>> OM DT, GLUM, PST
Abbreviations: C, cortex; OM, outer medulla; TM, inner medulla;
GLUM, glomerulus; PCT, proximal convoluted tubule; PST, medullary
proximal straight tubule; MTAL, medullary thick ascending limb; CTAL,
cortical thick ascending limb; DT, distal convoluted tubule/connecting
tubule; CCD, cortical collecting duct; ND, not detected in any of the
nephron segments examined.
Nephron segments in which mRNA from the indicated genes were
detected in more than 50% of microdissected tubule samples by PCR (44,
55).
h No a10 expression was detected in any nephron segment examined,
but no firm conclusions could be drawn because the method used may not
have been sufficiently sensitive (44).
amplification of multiple different but homologous isoforms may
occur, yielding several similar or identically sized products. Thus,
the maximum number of different amplified species cannot be
determined from the gel eTectrophoretic pattern. A restriction
digestion-based technique was therefore devised to rapidly screen
a large number of cloned PCR products without the need to
sequence each individually. Forty-six clones were screened in this
way, and eight different species were identified, corresponding to
alternatively-spliced variants of four of the known a1 subunit
genes, ais, aic, aID, and alA (CaChi, -2, -3, and -4) [441.
Calcium channel gene expression in the kidney may originate
not only from tubule epithelial cells involved in active calcium
reabsorption, but also from various other cell types. For instance,
there is some evidence for the existence of L-type calcium
channels in whole glomeruli, and in mesangial cells [47, 48], and
of both L- and T-type channels in vascular smooth muscle cells of
intralobar and arcuate arteries of the kidney [49, 50]. Therefore,
the intrarenal distribution of expression of a1 subunit genes was
determined by Northern blot hybridization of macroscopically-
dissected kidney regions, and by PCR analysis of individually
microdissected nephron segments (Table 2). alA expression was
found to be localized to the renal cortex, and more specifically the
distal tubule (DCT and/or CNT), the site of active and regulated
calcium transport, suggesting a potential role in transepithelial
calcium reabsorption.
What functional properties can be expected of the calcium
channel encoded by the renal alA transcript? The rat brain alA
subunit transcript, when co-expressed with a2 and 13 subunits from
skeletal muscle in a Xenopus oocyte expression system, encodes a
voltage-activated, DHP-insensitive channel that is inhibited by
funnel web spider toxin, and therefore resembles the P channel
[36, 51]. However, these properties cannot necessarily be extrap-
olated to the a IA-encoded channel in the kidney for two reasons.
Firstly, the renal alA transcript may differ from that expressed in
the brain due to alternative splicing. Preliminary analysis of a
partial length renal alA cDNA encompassing approximately 65%
of the coding region indicates two sites that differ from the rat
brain transcript and could indeed represent alternative splicing
(unpublished observations). Secondly, the properties of the renal
channel also depend on the accessory subunits with which it
associates. Of these, the most important in functional terms
appears to be the /3 subunit.
cDNA cloning of renal calcium channel 3 subunits
13 subunits are also encoded by a multigene family [31, 52—541.
Degenerate primers, based on the amino acid sequences of the rat
f31 and /32 genes, were used to amplify rat kidney cDNA by PCR
[55]. As was found with the a1 subunit, a complex mixture of eight
different amplified products was observed, representing the alter-
natively-spliced transcripts of three different genes, /32, /33, and
/34. By Northern blot and PCR analysis, /34 was found to be
preferentially expressed in the renal cortex, and was the only /3
subunit gene found in the distal tubule (Table 2). These findings
suggest that 134 might associate with the alA to form the distal
tubule calcium channel.
Future directions
In summary, studies to date have identified multiple genes for
the pore-forming and accessory subunits of renal calcium chan-
nels and have identified those that, on the basis of intrarenal
distribution, might be considered most likely to play a role in
transepithelial calcium transport. However, the functional signif-
icance of these gene products remains to be determined. Two
types of studies are now needed. Firstly, by isolating full-length
cDNAs for each a1 and /3 gene and expressing them in a
mammalian expression system such as Xenopus oocytes, the
properties of the resultant calcium channel can be examined in
detail, and correlated with the observed properties of calcium
channels in freshly isolated distal tubules or in cell lines derived
from this segment. Secondly, the participation of each gene
product in calcium reabsorption could be directly tested by
inhibiting its transcription with a specific antisense construct and
observing for any effect on transcellular calcium transport. Such
studies will hopefully lead to the elucidation of the molecular
mechanisms underlying renal calcium reabsorption.
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